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fication of cohesive parameters for an adhesive bonded structure is discussed in 48 Ref. [30] . The authors concluded that higher sensitivity for the cohesive strength 49 may be reached at pre-peak, and for the fracture energy with post-peak data.
50
Traction-separation laws could be accessed directly with the kinematics of a 51 Double Cantilever Beam test for composite materials [31] . The importance of 52 using load data to identify a mixed-mode CZM for a composite was highlighted 53 in another study [32] . Conversely, mixed-mode CZMs were calibrated without 54 the need for force data, only using the images of the experiment on a microelec-55 tronic device [33] .
56
Some studies also showed the feasibility of combining DIC and CZM for 57 other materials. In Ref.
[34], a multiscale setup is introduced for analyzing a 58 photodegradable copolymer. Elastic and cohesive properties for concrete ma-59 terials were identified with the Boundary Element Method coupled with DIC 60 measurements [35] . Failure in metals was modeled with a CZM, which was 61 calibrated with DIC data [36] . Micrometer-scale mechanisms in PMMA could 62 be related to a traction-separation law using images taken close to the crack 63 tip [37] . No study on castable refractories was found with such approaches.
64
In the present work, the parameters of a macroscale CZM for mode I fracture are calibrated with a single WST by coupling DIC measurements, load data and
66
FEAs performed with the commercial code Abaqus [38] for a castable refractory.
67
First, the identification framework is introduced, then followed by the methods 68 and definition of the parameters to be calibrated. Last, the results are shown 69 and compared with previously reported data on different methodologies. 
which is the L2-norm of the gray level residuals ρ(x). In order to ensure a 119 good conditioning of this minimization and its robustness to noise, one more 120 consideration is added to regularize the kinematics of a group of pixels, namely,
121
it consists in expressing the sought displacement field as
in which υ i are the degrees of freedom, and Ψ selected vector fields. In such a 123 framework, the measured displacements are obtained as
where {υ DIC } is the column vector gathering all amplitudes υ i . A robust solution
125
that works in most cases is choosing Ψ i as finite element shape functions [41] .
126
In this paper, the DIC procedure is performed with 3-noded linear elements in 127 a finite element discretization [42] and will be referred to as T3DIC.
128
In the method presented herein, the first step is to run T3DIC since it will 129 provide the necessary Boundary Conditions (BC) as explained in Section 2.3,
130
and also displacement fields that can be compared with FE results. The mesh 131 used for T3DIC and one displacement field (for image no. 263, i.e., the last of 132 the envelope, see Figure 2 ) is shown in Figure 3 . 
Numerical model

142
The FEA is performed with the commercial code Abaqus [38] . The geometry propagating, see Figure 2 ). It is chosen to have a continuous displacement of 163 the actuator.
164
The identification methodology (i.e., Newton-Raphson scheme) consists in 165 a nonlinear least squares minimization of χ then χ F > 1. By considering a given starting set of parameters {p n } at itera-172 tion n, the minimization is performed by evaluating the correction {δp} on the
about the current estimate {p n } of the sought parameters. The minimized 175 quantity then becomes
In Equation (6), the quantity to be minimized is quadratic in terms of {δp}.
177
Its minimization with respect to {δp} then leads to a linear system
where [H] is the Hessian
and {h} the right hand member and will be designated as BC c . In the experiment, the reference image was 217 taken with a pre-load in order to remove any slack in the loading configuration.
218
Thus, the reference image of the unloaded state is unknown, and all measured 219 displacements are performed with respect to the pre-load configuration.
220
The parameter BC c introduced herein thus has to correct the kinematics 
When BC c is equal to 1, no correction is performed. It is expected that BC c > 1
231
for the correction of the reference state with an opening displacement field, i.e., a 232 fraction of the displacement field measured in image 39. In the case of BC c < 1,
233
a contraction displacement field would be considered in the correction. its initial value set to one (i.e., no BC correction would be needed).
241 Table 1 : Initial parameters for the identification scheme.
2 68 1
Results
Sensitivity analysis 243
Before performing the calibration of material parameters, a sensitivity anal-244 ysis is performed [50] . Only the case α = 2 is reported since the sensitivities are 245 very close to those when α = 7. The load sensitivities are defined as
and approximated using a forward difference approach with a perturbation fac- The decimal logarithm of the diagonalized Hessian is shown in Figure 6 (b).
268
Given the fact that the minimum eigen value of the Hessian is very high, there it is concluded that α = 7 is (a bit) more suitable for the test studied herein.
288
However, a bilinear model should not be excluded since its performance is also 289 very good. The differences of the mean value between both cases is negligible (i.e., of the With the proposed framework, the gray level residuals from the FE results
308
can also be checked. This is possible because measured displacements were 309 prescribed as BCs in the numerical model, and the computed displacement 310 fields were corrected to account for the fact that the reference configuration 311 corresponds to the pre-loaded sample. The gray level residuals read
where u F EA is the computed displacement field, after taking out the pre-load 313 kinematics related to BC c , interpolated onto the T3DIC mesh. The same frame-314 work used for performing T3DIC may then be used to evaluate the gray level 315 residuals. The RMS level of ρ F EA (x, t) performed over all pixel location x of 316 the ROI normalized by the corresponding T3DIC residual ρ DIC (x, t)
for each image is shown in Figure 10 , where
The former is only 50 to 60 % higher than the latter in which no hypothesis checked for the two mesh densities and no tangible differences were observed.
354
For the sake of brevity, they will not be presented. It is worth noting that σ max was not reached for the last elements since the Equation (15) for the front face and both analyzed α is shown in Figure 13 .
389
Although the material is quasi-brittle, Figure 13 shows that the damage grows as seen in Figure 15 . This result was expected from the conclusions analyzing 414 the BC c parameter (i.e., tilted wedge applying more force on the back side).
415
When α = 2 case, the crack propagated a little farther and more energy was 416 dissipated on both faces of the sample. To evaluate the global fracture energy, G c , let us consider E diss as the total 418 dissipated energy in the specimen during crack propagation
where the derivative describes how much energy is dissipated for each unitary To check these results and compare them with earlier estimates [15, 19] , the 431 mean level G c is calculated
where ∆a max denotes the maximum length of the damaged area. The values
433
of G c are reported in The damage history for the back face is shown in Figure 18 . Although the 709 most damaged element reaches a level less than 0.9, most of the specimen is 710 damaged at the end of the test. This observation applies in both cases. 
